photon energy of 75.5 eV, we observed the relaxation of one of the selection rules valid for He photo double ionization and a strong dependence of the electron angular distribution on the orientation of the molecular axis. This effect is reproduced by a model in which a pair of photo ionization amplitudes is introduced for the light polarization parallel and perpendicular to the molecular axis.
Text
The simultaneous ejection of two electrons by the absorption of a single photon (Photo Double Ionization or PDI) is a paradigm in the study of the dynamics of electron-electron correlation. However, only the simplest process of this kind, i.e. PDI of helium, is substantially well understood (see [1] ). A more intricate PDI process is the photo fragmentation of the H 2 (or D 2 ) molecule. Here the rapid departure of the two photoelectrons is followed by the Coulomb explosion of the two bare nuclei, and their relative momentum defines the molecular alignment, a reference axis essential to fully describe the process. As in He, one expects important effects from electron-electron repulsion, and selection rules, but also from additional electron-nuclei interactions, and the final state molecular symmetry. How do these combine to yield the four-body final state? To help elucidate these issues, we report here the first kinematicaly complete study of PDI from D 2 ; we point out the similarities and differences with PDI in He.
Pioneering experiments on PDI of H 2 measured the ion fragments and yielded the total cross section and the ion angular distribution ( [2] , [3] ). More recently, two-electron coincidence (γ,2e) experiments, (no ion detection) ( [4] , [5] , [6] He since the photoelectrons are much faster than the heavy nuclei. Hence, at large distances, the electrons move in the Coulomb field of a point charge Z = 2. Thus a helium-like model [9] , [10] described well the measurements [5] from randomly oriented D 2 molecules. Feagin [9] introduced two complex symmetrized amplitudes, g Σ and g Π , for the PDI by light polarized along and perpendicular to the molecular axis, respectively.
Despite this similarity of the PDI of He and H 2 some selection rules that exclude certain escape geometries are relaxed for H 2 ([9] , [11] ). Primarily, this relaxation stems from loss of a fixed angular momentum for the photoelectron pair; i.e. the electronic continuum wave function does not have pure P symmetry. The molecular ground state contains high angular momentum components and electron scattering by the nuclei during escape can mix angular momenta
In helium, for equal energy electrons, the cross section is zero on a cone θ 2 = 180° -θ 1 , where θ 1,2 are the polar angles of electrons 1 and 2 with respect to the polarization axis (see selection rule F in fig. 1 and [1] ). In the case of the coplanar geometry (light polarization axis in the plane of the electron momenta) this rule forbids back-to-back emission. Parity conservation also forbids equal energy back-to-back emission (selection rule C in fig. 1 and [1] ); thus for He this configuration is doubly forbidden. For H 2 , only the back-to-back emission is forbidden [11] ;
the rest of the cone is accessible for most molecular orientations. Until recently, this prediction was confirmed only indirectly by co-planar measurements from randomly oriented molecules. 3 Our new measurements show that the change of symmetry and the related relaxation of the θ 2 ≠ 180° -θ 1 selection rule are clearly visible for out-of-plane geometries. We find that the atomiclike description of the PDI of H 2 due to Feagin [9] remains a good approximation, and we reproduced qualitatively our measurements by calculating g Σ and g Π using a single center model.
The COLTRIMS technique [13] was used to measure the momenta of all the particles in four-fold coincidence. The 2-bunch mode photon beam at beam-line 7.013 of the Advanced Light Source at LBNL, intersected a supersonic molecular beam of D 2 (D 2 has higher target density than a comparable H 2 jet and yields data with fewer random coincidences from background H 2 O). The particles were guided by electric and magnetic fields onto two position sensitive channel plate detectors that registered multiple hits on rectangular and hexagonal delay-line anodes (see [14] ). We did two experiments (~8 days each) at the same photon energy using different guiding field and spectrometer configurations. In both, the fields assured 4π collection efficiency for all particles. However, a multi-hit dead time on the electron detector and a vanishing momentum resolution for electrons performing integer revolutions in the solenoid magnetic field (see [15] ) yielded some dead areas in the multidimensional phase space of each experiment. The geometry and fields were chosen so that the observed regions of phase space were complimentary. One experiment used a weak electric field for the electron collection followed by a high pulsed field for the ion collection. Each experiment included measurements on He at the same excess energy using the same spectrometer settings. Since He results are well established, these gave independent checks of the experimental setups.
The fully differential cross section (FDCS) dσ 7 /dθ 1 dθ 2 d∆φ ee dθ R d∆φ eR dE 1 dE 2 depends on the polar angles θ 1,2,R of electrons 1 and 2 and the inter-nuclear axis R with respect to the polarization axis, on the difference of the azimuthal angles ∆φ ee = φ 1 -φ 2 of the two electrons, the dif- 4 ference between the azimuthal angles of the first electron and the molecular axis ∆φ eR = φ 1 -φ R , and on the electron energies E 1 , E 2 . Figure 2 The solid lines on panels 3b-f show the calculated FDCS obtained from the single-center amplitudes in Eq. (5) of [9] . The calculation is convoluted with the finite spreads in the acceptance angles and energy sharing ratio. The results reproduce the main features of the experiment.
Not only the shape but also the cross section changes strongly with the molecular axis rotation (see scaling factors and fig. 3 caption) . It is noteworthy that a Gaussian parameterization applies well to both amplitudes g Π and g Σ giving their magnitude ratio g Π /g Σ = -1.1 and their FWHM ∆θ 12 Σ = 70.0° and ∆θ 12 Π = 78.8° (compare also to [9] ). Fitting our experimental data yields ∆θ 12 Σ = 83.5° and ∆θ 12 Π = 61.5°.
In summary, we have observed significant differences in the FDCS of He and D 2 for the non-coplanar geometry and for mixed Σ and Π transitions. The coplanar geometry is well reproduced by the He-like theory [9] with a pair of amplitudes g Σ and g Π . Interference of these yields the strong dependence of the FDCS on the molecular orientation. We calculated the amplitudes using the single-center expansions for the molecular ground state and the final two-electron state.
The similarity between the theoretical and experimental FDCS indicates that much of the angular 14
